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Introduction
Agricultural production is frequently exposed to a variety of perils. Zorrilla (2002) identifies five categories of agricultural risks: climatic (e.g., hail, frost, drought, flood, wind, fire, snow, etc.), sanitary (e.g., plagues and diseases), geological (e.g., earthquakes and volcanic eruptions), market (e.g., domestic and international price volatility and changes in quality standards, preferences, etc.), and man-made risks (e.g., institutional reforms, wars, economic and social crises, etc.). In theory, there is a wide array of informal risk management strategies that farmers can use in order to mitigate agricultural risks. These strategies include crop diversification, savings accumulation, off-farm activities, and adoption of risk-reducing production technology (Dercon 2002 ).
In contrast, there are more sophisticated strategies that deal with risks in a systemic way by developing a risk market approach. Among these formal strategies are forward contracts, futures and options commodity markets, revenue insurance and crop insurance (Dercon 2002) . The latter strategies are not always available for small-scale farmers in developing countries and, in some cases, markets are incomplete or do not work properly.
In Latin America, climate events are the most important risk for farming production. In that regard, governments have designed and promoted different policies in order to reduce farmers' vulnerability. Multi-peril crop insurance and state-funded disaster relief programs are the main public policy responses regarding risk management in agriculture (Vila et al. 2011) . 1 The experience with crop insurance instruments in Latin * César Salazar, Corresponding Author, email: csalazar@ubiobio.cl, Department of Economics and Finance, and Applied Sectorial Economics Research Group (GI 160317/EF), Universidad del Bio-Bio. Mónica M. Jaime, School of Management and Business, Research Nucleus on Environmental and Natural Resource Economics (NENRE), University of Concepción. Cristián Pinto and Andres Acuña, Department of Economics and Finance, and Applied Sectorial Economics Research Group (GI 160317/EF), Universidad del Bio-Bio. 1 These risk management policies are implemented in different modalities across the region. According to Vila et al. (2011) , in Brazil, Colombia, Chile, Ecuador, Mexico, Perú and Uruguay, the public sector supports the private insurance industry by providing subsidies for crop insurance and other instruments of risk management, as well as management assistance and state guarantees, while in Bolivia the state runs a universal coverage agricultural insurance program. In contrast, Argentina has chosen to develop a private crop insurance industry and to ease access to derivative markets for the most important agricultural products.
American countries is generally similar. A low level of participation, especially among small farmers, is the most significant feature (Wenner 2005) . In the case of Chile, the crop insurance participation rate has been rather low, reaching only 10% of the total arable farming area in the coverage area in 2012 (COMSA 2012) .
There are several potential explanations for this phenomenon. From a general perspective, many studies have attempted to explain it by focusing on asymmetric information problems that relate to adverse selection and moral hazard issues (see, e.g., Gardner and Kramer 1986; Quiggin et al. 1993; Coble et al. 1996; Makki and Somwaru 2001) . In the case of developing countries, information asymmetries are exacerbated by budgetary restrictions among market participants and high administrative costs of providing sound actuarial studies, promotion and supervision for individual insured farmers, as well as inadequate procedures for assessing indemnities (Hazell 1992) .
In this paper, our aim is to address the problem of farmer participation in crop insurance by exploring the relationship between crop insurance adoption and production technology choices. Given that agricultural risks are diverse and the coping strategy can be multi-layered, some input decisions may have an influence on the degree to which a farm is exposed to risks (Horowitz and Lichtenberg 1993) . In this case, the decision whether to adopt insurance can be influenced by input technology choices. We will focus our attention on the Chilean crop insurance market, specifically for the wheat farming sector, making a distinction between medium-large farms and small-scale farms.
Available data come from the 2007 National Agriculture and Forestry Census. Given the nature of this information, we examine the farmer's probability of making a certain decision. In particular, we want to find out whether there is any relationship between the farmer's decision whether or not to buy insurance and her decision whether or not to adopt a specific technology. A problem of endogeneity may arise because these decisions might be affected jointly by an unknown underlying process (simultaneity) or they could affect each other in both directions (reverse causality). For instance, a farmer might decide to adopt or not adopt a certain technology because he is insured; similarly, he might buy insurance or not buy insurance because he uses a certain technology. Because it is difficult to find an appropriate and observable instrumental variable, we deal with estimation bias by setting up and estimating a bivariate probit model as a joint model for these two binary outcomes and then examining the correlation between them. If a significant correlation is found, the decisions are interrelated and the bivariate model will be more appropriate.
Following Foudi and Erdlenbruch (2012) , the relationship between insurance adoption and irrigation technology is explored; nevertheless, this paper differs from that study in a number of aspects. First, we focus on the farmer's decision to adopt insurance, rather than on farm production functions, so multiple explanations for insurance adoption are examined. Consequently, a different theoretical framework, data structure, and estimation methods are used. Second, the role of technology adoption is further analyzed by incorporating a broader set of input technologies, such as crop seed selection and biological control, and results between small and large-scale farmers are compared. Each technology is expected to interact with agricultural insurance in a different way, depending on its characteristics, as well as on the scale of the farming operation. For example, modern irrigation is expected to reduce vulnerability to water shortages in a manner similar to insurance, in that both function as risk-reducing strategies. The adoption of certified seed is expected to interact with climate risk, although somewhat weakly, while biological control is not expected to be directly related to climate risk.
Finally, to our knowledge, this is the first study aimed at explaining farming insurance behavior and the interaction between agricultural technologies in the context of the Chilean agricultural sector.
The rest of the article is organized as follows. Section 2 describes the characteristics of the agricultural sector and crop insurance program in Chile. Section 3 discusses the related literature. Section 4 reviews a conceptual framework that links insurance and technology adoption decisions. Section 5 presents the data used and Section 6 the econometric model. Section 7 discusses the main results. Section 8 considers a number of robustness tests and Section 9 concludes.
The Agricultural Sector and Crop Insurance in Chile

The Agricultural Sector
The agricultural sector is at the core of the Chilean economy, and it is the basis of an important value chain that includes food manufacturing and tourism. This sector accounts for around 15% of the country's GDP and employs 12% of the labor force; more than 50% of its production is sold in international markets, making the sector highly dependent on world market prices. Agriculture also contributes to the food security of the country, especially through small-scale agriculture, which plays an important role in the agricultural sector in Chile (FAO 2009 ). Family or small-scale agricultural producers provide around 60% of the food consumed in the domestic market and control 85% of total farms in the country, comprising 1.2 million people, and generating 60,000 direct and indirect jobs. These producers are mainly involved in traditional farming activities, hire family members, and operate at low levels of working capital (INDAP 2011) .
Agriculture benefits from the vast climate diversity in Chile, which allows a wide range of cropping activities. Some major agricultural products include fruit (i.e., grapes, apples, pears, peaches and berries), horticulture (i.e., garlic, onions and asparagus), and cereal and tubers (i.e., wheat, maize, and potatoes). Wheat is the most relevant annual crop in the world, in general, and in Chile, in particular. This crop occupies around 50% of the surface devoted to annual crops in Chile, confirming its economic and social importance for agricultural income-dependent farmers. Moreover, this crop extends across most of the territory and its distribution can be classified into distinct agro-climatic zones.
Crop Insurance in Chile
The Farm Insurance Program (hereinafter FIA) was created in 2000 by the Chilean Ministry of Agriculture. Its main goal is to protect farmers against economic loss resulting from the most frequent climate events, such as droughts, heavy or untimely rains, freezes, blizzards, and hail. The program subsidizes farmers who buy crop insurance. The insurance covers not only annual crops such as cereals, vegetables, industrial crops, legumes, grains and potatoes, but also fruit plantations. The insurance policy assures the farmer of up to two-thirds of the potential value of the crop.
The FIA is supervised by the Agricultural Insurance Committee (hereinafter COMSA), a government agency in which the Agriculture, Finance, and Economy ministries are represented. This agency is operated by private insurance companies, supported by an extensive network of government institutions, private agents and brokers. Subsidy payments are channeled through CORFO, a governmental business promotion agency, directly to the insurance companies according to the number of policies issued.
According to COMSA (2012) , the premium cost subsidy consists of a fixed contribution of 1.5 Foment Units (UF by its Spanish acronym) (USD 50) for each policy, plus 50% of the net premium cost with an 80 UF (USD 3,000) cap payment per farmer (all values for one season). For small farmers, the subsidy may account for up to 80% of the premium cost. There are no major restrictions as to what type of farmers can be beneficiaries of the subsidy, beyond being registered at the Internal Tax Service (SII) or being a banking customer, or having been approved for credit by a government promotion agency. At the beginning of each season, the insurable areas and crops are established under the concept of Homogeneous Insurable Area (HIA). The coverage areas go from Coquimbo Region (Region IV) to Los Lagos Region (Region X), plus Copiapó (Region III), Vallenar (Region III), Lluta, Azapa (Region I), and Chaca valleys. These regions account for approximately 70% of the Chilean territory. The coverage starts from the sowing period or the date of the acceptance of risk by the insurer, and ends at the end of harvest or the date established by the contract.
The crop insurance policy covers two-thirds of the expected crop yield. Under some conditions for specific crops, coverage might reach three-fourths. For example, with a two-third coverage, if the expected yield is 30 units per hectare, and the farmer obtains 15 units per hectare due to some of the climate events specified in the policy, the insurance company will compensate the farmer for 5 units per hectare, at market price per unit. This price must be below a maximum price that is determined beforehand. Coverage percentage, standard yield range, maximum compensation prices, maximum and minimum premium rates, and other technical parameters of the insurance contract are specified for every crop, crop type, geographic area (known as insurance homogeneous zone), and sowing-harvest calendar, in a document known as "Subscription Norms," which is issued annually by COMSA before each farming season. Insurance coverage begins at the start of the sowing period, and ceases at the end of harvest of the entire crop.
Premiums are determined by applying a premium rate on the amount insured plus 0.6 UF. The amount insured is the coverage percentage (either two-third or three-fourth) multiplied by the standard yield (per hectare), multiplied by the total surface of the crop, multiplied by the estimated market unit price of the crop product. Maximum premium rates are specified in the Subscription Norms.
When a farmer decides to insure an annual crop, she has to apply for an insurance policy by presenting a "Crop Insurance Proposal" to the insurance company. This is an application form where the farmer must declare specific information regarding the location and dimension of the crop, type of soil, irrigation, type of seed, sowing density, use of agrochemicals, and estimated dates of sowing and harvest. The farmer must also declare the expected yield of the crop. The expected yield must fall within the range specified in the Subscription Norms. If an adverse climate event that is covered by the insurance policy occurs, the farmer must immediately notify the insurance company. The insurance company will designate a claim adjuster who, in turn, will name an inspector with the necessary expertise to verify and evaluate the damage to the crop. The farmer must notify the insurance company that an adverse weather event occurred before the start of harvest, in order to verify the real yield obtained from the crop. The insurance company, based on the incident reports and the real crop yield, will issue an insurance adjustment report establishing the amounts and date of any compensation payment.
By the year 2012, the program was financing over 20,600 policies annually, 75% of which were taken out by small farmers as part of a loan contract with INDAP (National Institute for Agricultural Development), the main agricultural promotion agency. The total farming area covered by the insurance was approximately 105,000 hectares. At the same time, COMSA had identified 270,000 potential farmers who were eligible to participate in the program, which includes almost all farmers actively operating. Of that number, 150,000 farms made up the target group for insurance. The total arable farming area in the potential coverage area is estimated at 1,086,000 hectares (COMSA 2012).
Literature Review
Crop Insurance Participation
One of the first experiences of an insurance program was the Federal Crop Insurance Corporation, which was created in 1938 in the United States to help farmers recovering from the great drought known as the "dust bowl." However, crop insurance was not a relevant field for academic discussion until the enactment of the Federal Insurance Act of 1980, which expanded the crop insurance program to more crops and regions in the U.S. by establishing a premium subsidy for the benefit of farmers. The first challenge the enhanced program faced was the lower than expected level of participation and the consequent economic losses of the program due to insufficient premium income.
As highlighted by Hazell (1992) , this public policy was demonstrated to be ineffective in practice, mainly because small growers could not afford an expensive insurance premium, although it was subsidized. Moreover, the incentives to moral hazard behavior and farmer-insurer collusion were not eradicated after its implementation. These issues motivated a series of studies aimed at explaining the elements that were driving crop insurance adoption decisions as well as detecting asymmetric information imperfections in the insurance market, in particular, the eventual presence of adverse selection.
One of the first empirical studies on crop insurance participation decisions was conducted by Gardner and Kramer (1986) . Using county-level data, the authors found that the expected rate of return on insurance has a positive and statistically significant effect on crop insurance participation. This result was also supported by subsequent similar studies (Hojjati and Bockstael 1988; Barnett et al. 1990 ) that suggest the presence of adverse selection as one of the reasons for the low participation rate observed in crop insurance markets. Quiggin et al. (1993) stressed the problem of distinguishing between adverse selection and moral hazard when explaining insuring behavior. They used crosssectional data for the 1988 crop year to estimate a corn farm production function. They found a negative and significant effect of insurance adoption and expected output and questioned the viability of a multi-peril crop insurance program in light of the contradicting incentives for farmers. Similarly, Coble et al. (1996) , using cross-sectional data at the farm level, developed a formal crop insurance participation model, finding statistically significant effects on participation of both market return and return to insurance, as well as both market return and return to insurance variance. They also found participation to be inelastic to premiums. Just et al. (1999) examined adverse selection in U.S. crop insurance using nationwide data. They suggest that farmers who participate in the crop insurance program tend to have positive expected benefits from insurance participation, while uninsured farmers have negative expected benefits, reflecting deficiencies in pricing insurance for lower-risk farmers. In the same direction, Makki and Somwaru (2001) concluded that high-risk farmers are more likely to purchase revenue insurance and are undercharged with respect to lower-risk farmers for a comparable insurance contract. Sherrick et al. (2004) concluded that midwestern farmers who engage more extensively in insurance are the ones who operate larger acreages, are more highly leveraged, are less wealthy and have higher yield risks.
Crop Insurance and Production Input Technology
An interesting aspect in the crop insurance literature is that of input technology as a determinant of insurance adoption. On the one hand, risk-reducing inputs such as irrigation techniques could act as a substitute for insurance policies. Foudi and Erdlenbruch (2012) explored the role of irrigation technology in the farming production process, finding that irrigating farmers have larger average profits with less variance than non-irrigating farmers, and also that irrigating farmers are less likely to purchase yield insurance. On the other hand, the farmer's choice of the specific usage amount of some production inputs such as fertilizers and pesticides may increase the risk-return profile of the farm operation, making room for the appearance of moral hazard issues. Horowitz and Lichtenberg (1993) found evidence that insured farmers significantly use more fertilizers, herbicides and pesticides, suggesting the presence of moral hazard if these inputs are considered risk-increasing production technologies. However, Babcock and Hennessy (1996) found no support for the hypothesis that insurance increases optimal fertilizer application rates. They concluded that nitrogen fertilizer and insurance are substitutes, suggesting that those who purchase insurance are likely to decrease nitrogen fertilizer applications. Smith and Goodwin (1996) noticed that the insurance participation decision is more or less contemporaneous with input choices. Their conclusions indicated that crop insurance participation has a significant negative effect on total chemical input expenditures. Along the same lines, Goodwin et al. (2004) included the use of fertilizer in a model of participation in crop insurance for corn and soybean farmers, finding a statistically significant negative relationship between these two variables.
Theoretical Framework
Our theoretical approach adapts the insights and theory proposed by Giné and Yang (2009) and Mobarak and Rosenzweig (2012) . Thus, the model that guides this empirical study is based on the following assumptions and relationships.
Suppose that a farmer has to make a decision about the implementation of a technical change, TA, which has three potential forms: hybrid seeds (S), enhanced irrigation (I), and biological control (B). All of them involve a higher but riskier average yield. That is, if the farmer does not implement one of the above improvement alternatives, then the yield will be equal to YT. If the farmer introduces the improvement TA, then he could produce a higher yield YH with probability p or a lower yield YL with probability (1-p). As pointed out by Mobarak and Rosenzweig (2012) , assume that probability p further captures whether the technical change is a risk-decreasing or riskincreasing technology. That is to say, if p'(TA) > 0 and p''(TA) < 0, then the farmer's decision leans toward a risk-decreasing technology. Conversely, it holds that p'(TA) < 0 and p''(TA) > 0 for a risk-increasing technology.
Moreover, the adoption of the technical change guarantees that:
where the variable TA denotes the technical change adopted by the farmer. Therefore, p(TA) is the probability for a higher yield YH after adopting the technical change TA. The inequality stated in (1) holds for all the improvement alternatives and implicitly suggests that the farmer discriminates among them. Given that the competitive price of the crop is normalized to one and that technical change is costly, C, it is assumed that C<YL.
Therefore, if a farmer draws a distinction among two technologies i and j, then she strictly prefers technical change i over the alternative j if the following condition is true:
where p(i) and p(j) are the probabilities for a higher yield YH related to technical improvement i and j, respectively, while C i and C j represent the cost of implementing the above technologies, C i ≠ C j . Thus, the farmer will select a technical change that provides a larger expected profit after deducting the cost of its implementation.
In order to address the insurance adoption decision, assume that farmers hold a set of illiquid assets, W, where C<W. Hence, under the uninsured scenario, the expected utility of a farmer who chooses the productive enhancement i, Uu i , will be equal to:
where U(·) is a continuous and increasing utility function.
On the other hand, the financial system offers rainfall insurance that allows distributing risk costs over time and among producers. The insurance contract includes an indemnity equal to R, which covers the technology investment, C, and the potential loss from the casualty, M. The contract further assumes that q is the probability of high rainfall (h) and (1-q) the probability of poor rainfall (l).
Additionally, suppose that the insurer faces problems of adverse selection, which could be avoided by setting a premium that considers the characteristics and risk profile of the farmer. Formally, the insurance premium, D, depends on technological risk, γ, crop risk, φ, and farmer's wealth, W. As remarked by Giné and Yang (2009) , if the insurance premium D is fairly priced, then it will be equal to (1-q)R. Thus, the expected utility of a farmer who decides to adopt a productive enhancement i and take the rainfall insurance, UI i , will be equal to:
where f(·) is the joint probability density function for yield, technology, and rainfall.
Therefore, when a farmer decides to buy weather insurance, technologies i and j are substitutes for insurance if the following condition holds:
In addition, a risk-decreasing technology i can be thought of as a substitute for weather insurance, or vice-versa. For instance, drought insurance and irrigation technology are expected to be substitutes, which can be formalized as follows:
where the left-hand side of Equation (6) redefines the expected utility for an uninsured farmer who adopted the technical change i, i u U , while the right-hand side is the expected utility when she decided not to adopt the technical change, but did buy rainfall insurance, T I U . Thus, the insurance-adoption decision for farmer k can be simplified through the following indicator function, dk:
In addition, it is straightforward to show that the insurance adoption rate can be computed from the aggregation of individual decisions depicted by Equation (7). In this regard, many governments have committed to promoting farming insurance markets, even if this entails creating subsidies for farmers at taxpayers' expense. Despite such subsidies, the adoption of insurance among farmers is very limited, and insurance companies often fail to meet participation goals. In this regard, suppose that the government subsidizes crop insurance in order to promote hedging behavior among farmers. The subsidy reduces the amount of the insurance premium by α percent. Therefore, the insurance would be strictly preferred by the farmer if the following inequality holds:
Under this scenario, the subsidy will encourage participation in the insurance program, particularly amongst farmers who were indifferent before this public policy was in force, i.e., dk = 0 for some farmer k.
The relationship between insurance and technological decisions is determined by the technological risk γ and the farmer's knowledge of this risk. If the insurer knows the technological risk, then lower risk will reduce the amount of the premium. Hence, the probability of insurance adoption will be larger among farmers who implement a riskdecreasing technology (e.g., enhanced irrigation). This is valid provided there are no information asymmetries. Conversely, if γ is not observable, then the insurer is unable to properly assess the differences in the risk profile of individual farmers and therefore charges a relatively high "average risk" insurance premium to all farmers. This flat-rate policy introduced by insurance companies will exacerbate the adverse selection issue.
Specifically, there are economic incentives for crop insurance adoption among farmers who use risk-increasing technologies. In addition, farmers who adopt risk-decreasing technologies are less likely to claim large indemnities. Nonetheless, the premium that insurers charge to these farmers will be the average premium, which is too high for their risk profile, making it less attractive for them to adopt insurance.
Data
This study uses data from the 7th National Agriculture and Forestry Census (INE 2007) .
2 This survey constitutes the main data source on the current state of agricultural and forestry resources and rural population in Chile. Data collection is done in rural areas of the 15 regions of the country, covering 256,711 agricultural producers spread across 2 The Agricultural and Forestry Census is conducted each 10 years. The previous census was carried out in 1997. To our knowledge, the 2007 Census was not designed to be able to track a sub-sample of rural households from the previous round. Therefore, we cannot control for unobserved time-invariant effects as is required when using difference in difference techniques. However, it is highly likely that structural changes differently affecting irrigators and non-irrigators, which would make difference in difference methods problematic, have taken place over this period.
the whole national territory. In particular, the survey collects information on households' demographic characteristics, assets, saving, credit, extension services, production, farm inputs, technology use, and public support instruments. Data is collected at the household and plot level, and can be combined with physical variables defined by location, such as soil and climate characteristics.
The census data allows us to explore differences between family farmers and nonfamily farmers. To distinguish each group, we employed a criterion based on size, which is used by the Ministry of Agriculture to focus public policy. This criterion defines family farmers as those who hold 12 or fewer hectares of basic irrigation (HBI). This requires transforming information about irrigated and dry land into HBI by using coefficients of conversion that capture differences in soil quality across zones. For these purposes, and following FAO (2009) a capital measure based on availability of agricultural machinery and tools; 3 the farm's size measured in total hectares; yield; security of tenure, measured by the ratio between the sum of family-owned and rental land hectares over total hectares; a dummy variable indicating whether the farmer had access to at least one of the following credit alternatives during the last two years: loans from INDAP, 4 loans from the state bank, loans from private banks, or a credit line from either input providers or agro-industry; a dummy variable indicating participation in any agricultural organization; a dummy 3 The capital variable was built using information with respect to ownership of draft mechanical capital. This was weighted by applying the principal component method. For the construction of the capital variable, the following tools and machinery were considered: ploughs, trucks, vans, carts, choppers, harvesters, cultivators, zero tillage, spray machines, harrows, rakes, reapers, seeders, hoppers, and tractors. 4 The National Institute for Agricultural Development (INDAP) is a public and decentralized agency created to combat poverty and increase competitiveness among small-scale farmers in Chile through actions aimed at strengthening human, physical and financial capital.
variable denoting whether the farmer received extension services during the last two years; percentage of non-eroded and slightly eroded soil; 5 rainfall measured in millimeters; 6 number of insurance adopters per locality regardless of crops; and a set of dummy variables to control for unobserved spatial differences across zones.
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As previously mentioned, to study the relationship between crop insurance and technology decisions, we focused on three key technologies: improved seed (S), modern irrigation (I) and biological control (B). The purchase of improved seeds provides a determined crop variety with uniform germination and resistance to disease, which may increase yield and quality. Biological control promotes the use and combination of natural factors and agricultural practices to prevent damage caused by pests while minimizing human health risk and collateral effects on non-targeted organisms and the environment. Finally, the adoption of modern irrigation is an alternative to increase effectiveness in water application and improve crop productivity. We expect a strong interaction of modern irrigation with insurance decisions because both are climate riskdecreasing strategies. In contrast, while the adoption of improved seed may somewhat relate to climate risk and thus to insurance decisions, the take-up of biological control is less likely to be affected by climate considerations. The average wheat yield reaches around 2,800 kilos per hectare. Large farmers almost double the yield observed among family farmers, suggesting a significant gap between small and large-scale producers in the agriculture sector in Chile. The figures suggest a low level of insurance and technology adoption, especially among family farmers. Only 2% of wheat farmers report using crop insurance, a proportion that is slightly reduced to 1.5% in the family farmer group. Insurance participation is greater among non-family farmers, amounting to 12% of the total. The use of new technology is 5 Soil characteristics were proxied using information on soil erosion that was obtained from the Center for Information on Natural Resources (CIREN 2010). The methodology for determining the level of erosion integrates a set of soil, topographic, climatic, and biological characteristics. Thus, erosion will be more severe where soils are more porous and sandier and where fields are more sloped and hold less vegetation, as well as in locations where a large amount of rain falls in a short time. 6 Cumulative precipitation was calculated using information provided by the agro-climatic system FDF-INIA-DMC. Climate measures per locality were obtained by matching localities with the nearest meteorological station. 7 Farm location was controlled by distinguishing the northern zone, comprising Regions IV and V; central zone, including Regions XIII, VI, and VII; and southern zone, consisting of Regions VIII, IX, X, and XIV. also low and less widespread among family farmers relative to larger farmers. Modern irrigation and biological control adoption do not surpass 5% of total wheat farmers.
Improved seed is more broadly used among wheat producers. While 18% of the family farmers report purchasing certified seeds, this figure surpasses 60% amongst larger farmers. The use of certified seeds depends on a purchase decision whose benefits are more evident in the short term. In contrast, biological control and modern irrigation adoption involve investment decisions with unknown potential benefits in the long run.
Regarding farmers' characteristics and the institutional setting in which they operate, it was observed that schooling rates are rather low; in fact, most family farmers do not manage to surpass the primary educational level. In addition, only 8% of farmers report having used credit instruments. In relation to extension services, 22.6% of family farmers have received this kind of government support in the last two years, which compares to the 14% observed among larger wheat producers. Around 20% of wheat farmers participate in organizations. This figure is larger among non-family wheat farmers, amounting to 45%. Regarding land property status, 85% of total land corresponds either to own land with a registered title or to rented land, compared with farmers with less secure land tenancy. This percentage is also larger among large-scale farmers.
Empirical Strategy
Adoption of Agricultural Insurance When Technology Decisions Are Exogenous
As a first empirical approach, we begin by investigating the determinants of the adoption of agricultural insurance, assuming that farmers' choices are exogenous to technology decisions. In line with the theoretical framework, the probability that farmer i has her production insured is given by:
where yi is a dummy variable indicating the adoption status of farmer i in the year under study, zi is a vector of observed covariates at the farmer level (e.g., socioeconomic characteristics, dependence on on-farm work), farm level characteristics (including institutional aspects), and the regional factors (e.g., environmental characteristics, location). Similarly, xi is a vector of input production technologies adopted by farmer i (e.g., improved seed, biological control, and modern irrigation), which here are assumed to be exogenous to adoption decisions; γ and β are vectors of the parameters to be estimated; and Φ is the normal cumulative density function. We are particularly interested in the direction and magnitude of β, which will shed light on the extent to which input production technologies on the farm relate to the adoption of agricultural insurance, when either decision is assumed to be independent of the other. Therefore, the purpose of this baseline specification is to illustrate the extent to which the effects captured by β are biased when joint decisions (whenever present) are not addressed. This equation is estimated by means of univariate probit models.
Adoption of Agricultural Insurance and Technology When Farmers' Decisions Are Jointly Made
We next investigate the extent to which the adoption of agricultural insurance is associated with the adoption of input production technologies that could be perceived by farmers as either risk-increasing or decreasing; that is to say, these decisions now are allowed to be interrelated. Specifically, we model the adoption of agricultural insurance, assuming that farmers' adoption decisions are related through some unobservable channel. Thus, farmers' decisions can be represented as follows: give us an indication that farmers' decisions are independent. By contrast, if the error terms are interrelated, it will be the case that Cov[ε1, ε2]≠0, and farmers' decisions will be driven by the same underlying process. To take account of the relationship between these processes, the error terms above can be represented as follows: It can be seen from Equation (12) that, while there is a component of the error term that is unique to each equation, there is another component that is common to both.
This term allows us to capture the relationship between the equations (Greene 1999) . If it is assumed that the error terms are normally distributed, then ε1 and ε2 will not only be normal but also dependent. Let us further assume that ρ denotes the extent to which these errors are correlated. Because of our interest in the joint probability of yi (i.e., y1 and x2), and because of the assumption that the error terms are normally distributed, the equations above can be consistently estimated by means of bivariate probit models. The significance of the coefficient ρ will provide information on whether or not insurance and technology decisions are interrelated. If ρ is not statistically significantly different from zero, the underlying process of the insurance decision is more likely to be characterized by Equation (9).
Results
We first discuss the results obtained from probit model estimations, neglecting the potential interactions between technologies and insurance decisions. Then, we analyze bivariate probit models that account for this relationship.
Adoption of Agricultural Insurance
Estimation of the insurance decision process using the probit model is depicted in Table 2 . Results report the estimated coefficients for Equation (9). The first column depicts the estimates using the sub-sample of family farmers. Column (2) shows the estimated parameters for the non-family segment.
Regardless of the sample chosen, dependence, yield, capital, extension, credit access, participation, number of adopters and rainfall are statistically significant to explain adoption of crop insurance. We find that farmers who are more agricultural income-dependent are more likely to adopt insurance.8 Given that insurance covers losses from unpredictable weather events, farmers obtaining a larger proportion of their income from agriculture would be more inclined to buy crop insurance. A related explanation considers the extent of diversification into non-agricultural activities. Mohammed and Ortmann (2005) find that alternative risk management strategies, such as off-farm investments, reduce the probability of agricultural insurance adoption. Similarly, Richards (2000) find a negative relationship between the extent of diversification into livestock and the tendency to insure crops. Results also confirm that farmers with higher yields have higher probabilities of participating in the insurance program. Market return and return to insurance variables also have been found important in previous literature (Coble et al. 1996; Cabas et al. 2008; Garrido and Zilberman 2008) . Extension services were also found important in explaining insurance decisions.
Capital significantly and positively affects insurance adoption. This is somewhat unexpected in light of evidence that farmers' risk aversion decreases as their wealth increases; therefore, wealthier farms should be less likely to insure (Serra et al. 2003 ).
However, larger wealth size may promote the adoption of instruments to cover against higher potential losses (Santeramo et al. 2016 ).
We find that support from government agencies is crucial, which is an expected finding, given that it is difficult for family farmers to afford insurance premiums. We also find that farmers who reported having access to credit are more likely to adopt insurance.
In addition, results show that farmers participating in agrarian organizations are more likely to use insurance. Participation in organizations may serve as a vehicle for transmission and diffusion of knowledge about financial instruments to protect against risk or face new market conditions. The number of adopters of insurance at the local level is also significant. The latter may be associated with potential learning effects among farmers who belong to related networks or adjacent geographical areas.
We also find evidence of differences in adoption due to variations in precipitation across locations. In particular, insurance is more broadly adopted in drier zones, as 8 Multicollinearity is always a concern. For example, education is most likely highly correlated with income variables; capital and land can ease access to credit; etc. We evaluate a potential correlation among suspicious variables in two ways: First, we report correlation coefficients of the suspicious variables. We obtain a coefficient of 0.12 for land and credit, 0.35 for land and capital and 0.12 for dependence on agriculture and capital. These correlations suggest that multicollinearity is not an important issue. Second, we simply drop the suspicious variables and explore the sensitivity of the results to the exclusion of these variables. Results do not change fundamentally. The results of these tests are available upon request.
expected. This result is in line with the usual findings that higher-risk farms are more likely to be insured (Enjolras and Sentis 2011) . For the family farmers segment, we additionally find that the variables age, residence on the farm, and farm size matter. Age negatively influences the probability of adopting insurance. It is likely that older farmers are more reluctant to try non-traditional instruments, in particular, financial instruments whose benefits are little known or difficult to perceive by more conservative family farmers. Sherrick et al. (2003) also find that those preferring revenue insurance are younger. Regarding residence on the farm, farmers who live on the farm may be more exposed to diffusion because interactions and networks are strengthened with reduced mobility.
We find that the larger the farm, the more probable the adoption of insurance.
Undoubtedly, the cost-benefit ratios of adopting insurance are better when there is a larger crop area to protect, given the high administrative costs of insurance. In addition, growers with operations spread over large areas may benefit from geographical diversification (Richards 2000; Sherrick et al. 2004; Santeramo et al. 2016 ). Education and secure tenure variables seem to be more important among non-family farmers.
Education is positively associated with insurance. Thus, education may turn out to be a complement to insurance when it is knowledge intensive and when benefits are linked to farmers' management capacity. Farmers who hold a larger ratio of both owned land and land under property rental contracts (which provide relatively secure tenure) are more likely to buy insurance. This fact confirms the importance of designing tenancy arrangements that guarantee rights to enjoy long-term benefits derived from farm economic activities.
There were some discrepancies in the results concerning the soil quality variable.
While good soil quality was important in promoting insurance adoption among family farmers, insurance was more likely to be observed among non-family farmers in locations with poorer soil conditions. Concerning technology adoption, the findings reveal a positive association between the three technologies under study and the probability of adopting insurance, irrespective of the sample used (only biological control is insignificant in the family farmer sample, although the coefficient is positive). In other words, the greater the adoption of technologies, the higher the probability that farmers will participate in the crop insurance program. The latter may be in line with arguments based on the riskincreasing effects of adopting new technologies. Nevertheless, these estimations do not take into consideration interactions between the insurance and technology adoption processes.
Technology Adoption and Agricultural Insurance
Tables 3 and 4 present the main results of the bivariate probit regressions for the sub-samples of family farmers and non-family farmers, respectively. Columns (1)- (2) display farmers' decisions regarding the adoption of agricultural insurance and certified seed. Similarly, farmers' decisions regarding the adoption of agricultural insurance and biological control are depicted in Columns (3)-(4). Columns (5)- (6) present estimated parameters associated with the interplay between adoption of agricultural insurance and modern irrigation. Estimated coefficients suggest a number of findings that are worth mentioning.
First, there is evidence that family farmers' decisions are interrelated, regardless of the production technology under analysis. This finding is supported by the fact that the athrho coefficient (ρ) is positive and statistically significant at the 1% level for all the technologies, indicating that both decisions are indeed linked. Consequently, farmers' decisions should be analyzed by means of a bivariate model. In contrast, the estimated coefficient of athrho (ρ) was statistically insignificant among non-family farmers, indicating that the decisions are independent. This suggests that the determinants of production decisions may differ between the two groups, probably because of the differences in risk coping strategies that are available to farmers.
Second, while adoption of certified seed by farmers in either sub-sample has no effect on the probability of being insured, both biological control and modern irrigation negatively affect the probability of being insured in the sub-sample of family farmers.
This differs from the results in the univariate model. The result for biological control was somewhat unexpected because agricultural insurance protects farmers against climatic risks exclusively and not from losses due to pest infection and other production shocks.
In contrast, the finding that a farmer adopting modern irrigation is less likely to adopt agricultural insurance is in line with Foudi and Erdlenbruch (2012) . This implies that modern irrigation can be understood as a substitute for agricultural insurance (i.e., both insurance and modern irrigation protect farmers against climatic risks such as droughts), suggesting a high insurance participation rate among higher risk profile farms, which can be taken as evidence of adverse selection.
Robustness Checks
Adoption Decisions in Homogeneous Areas
It was pointed out in the sections above that agro-climatic conditions in Chile exhibit a great deal of heterogeneity. Because availability of water sources, soil nutrients, and other geographical characteristics affecting agricultural activity significantly change when moving from north to south, it might be thought that farmers' choices regarding participation in the climate risk insurance program are mainly driven by geography. In order to evaluate the sensitivity of the results to exposure to given agro-climatic characteristics, we estimate the bivariate probit model in Equations (10)- (12) on a subsample of farmers located in Central Chile. By construction, farmers in this sub-sample are located in more homogeneous zones. Estimated coefficients are displayed in Table   A1 , Appendix A. As can be seen, results are robust for modern irrigation technology and less clear for biological control, in that its relationship with insurance becomes insignificant.
Assessing Technological Change among Irrigators
So far, the uptake of agricultural insurance by farmers adopting modern irrigation has been analyzed using the totality of farmers. Because an important number of farmers do not irrigate, we might be comparing two groups of farmers that are systematically different (i.e., irrigators and non-irrigators). In order to account for the technological change due to the shift from traditional to modern irrigation, the analysis was constrained to the sample of irrigators. Results are shown in Table A2 , Appendix A. As can be seen, the sign and statistical significance of the estimated coefficient of modern irrigation technology on insurance participation remained robust to the exclusion of non-irrigators.
Nonetheless, results did not hold for farmers adopting biological pest control.
Controlling for Multiple Relationships
In the results above, relationships between crop insurance and technology decisions were considered individually, assuming no correlation among different technologies. However, relationships among technologies may be important. To account for this, we estimate a multivariate probit model on the sub-sample of family famers and irrigators for the central zone. Results are shown in Table A3 , Appendix A, and confirm the significant relationship between insurance adoption and modern irrigation decisions. However, the relationship between insurance adoption and biological control becomes insignificant. Accordingly, we find that the probability of adopting insurance is lower among modern irrigators. We additionally find evidence of relationships between certified seeds and biological control technologies. Thus, results remained robust after controlling for multiple relationships.
Instrumental Variable Approach
The joint insurance takeup/agricultural technology adoption decision is estimated by means of bivariate probit models. The identification lies mainly in the structure of the model, which seems to overlook exclusion restriction considerations. Some authors argue that this is sufficient for identification (Wilde 2000) . However, an IV approach might help in making the estimation results more robust to distributional misspecifications (Monfardini and Radice 2007) . In this section, we apply an IV approach under the bivariate probit model. The systematic and strong significance of the athrho coeffient (ρ) across different specifications in the insurance and modern irrigation model suggests that endogeneity may be problematic in this case. Consequently, we focus on the joint estimation of insurance and modern irrigation decisions. For identification, we exploit the characteristics of the water source used for irrigation. In particular, we assume that modern irrigation decisions respond to the availability of well water on the farm. Wasting water becomes much more costly when pumped from groundwater sources. In that case, the availability of expensive water sources may promote adoption of water-saving technologies (Caswell and Zilberman 1986) . Results are presented in Table A4 , Appendix A. They show that our instrument is strongly correlated with modern irrigation but does not affect the insurance decision. Overall, our key results still stand. Modern irrigation reduces the likelihood of adopting crop insurance, suggesting that Chilean farmers perceive these two options as substitutes.
Conclusions
Chile faces the challenge of transforming the Chilean agricultural sector into a world-wide agricultural production and food powerhouse (MINAGRI 2006). Furthermore, climate change studies estimate an increase in temperature and decline in precipitation along with an increasing demand for water resources, foreshadowing a higher drought risk for the coming decades in Chile (FAO 2010) . Therefore, improvements in climate risk management by the adoption of modern technology and crop insurance are likely to become essential in order to reduce the vulnerability of agriculture in the future. This paper examined the interactions between crop insurance and technology adoption decisions among wheat farmers in Chile by using bivariate probit models. Results shed light on the importance of controlling for such relationships, suggesting that both decisions are jointly driven by the type of technology and the characteristics of farmers, among other factors. In particular, we found that relationships between insurance and technology decisions are strong and significant among family farmers, but not among large-scale farmers. In addition, the estimations of the bivariate probit model suggest that, whereas modern irrigation decisions are related to insurance participation, certified seed and biological control adoption are more likely to be independent of insurance decisions.
The empirical study provided evidence that modern irrigation reduces the likelihood of adopting crop insurance, suggesting that Chilean farmers perceive these two options as substitutes. The latter implies that farmers who cannot protect themselves against riskier situations, that is, those using traditional irrigation methods, preferentially participate in the insurance program, which can be taken as evidence of problems of adverse selection in the Chilean insurance market. These findings were found to be robust when reducing spatial variation and focusing on a more homogeneous agro-climatic zone.
In addition, results were not driven by non-irrigators or by multiple technological decisions. Finally, the key results stand when implementing an instrumental variable approach.
Nevertheless, a couple of caveats deserve attention. First, given the crosssectional nature of the data, it was not possible to fully explore the dynamics of the relationship between insurance and technology decisions. These may be important, especially in examining the dynamic components embodied in exit and entry decisions in the insurance program (Cabas et al. 2008; Santeramo et al. 2016) . Second, the database does not report information on some key control variables such as insurance premium, although it was proxied by including yield variables. Relatedly, the low participation rate in the crop insurance program may be due to a lack of competition on the supply side.
The existence of only two insurance operators suggests the emergence of market concentration issues, which may increase insurance premiums and then reduce the power of subsidies as economic incentives for participation. Third, our main results assumed that irrigation and insurance decisions are homogeneous, independent of the type of risk.
However, it may be the case that farmers who live in high drought risk environments react differently than those living in high flood risk areas. For example, irrigation may indeed smooth over risks in drought prone areas, but it may do the opposite in flood prone areas. In the former case, the model suggests insurance and irrigation will be substitutes, but in the latter they will be complements. Although we do have detailed information on main flood prone areas in Chile, this phenomenon does not seem to be a main concern in Chile, at least for agricultural production. By contrast, droughts are frequent and affect 25% of the continental territory (FAO 2010). Thus, it is more probable that irrigation and insurance are substitutes.
Despite these caveats, these findings have important implications for the success of government interventions to address the low participation rate in the insurance program. First, to optimize a policy instrument aimed at increasing insurance participation, it is necessary to understand the risk character of the technology. Farmers adopting modern irrigation clearly face less risk than do traditional irrigators, and therefore they should pay a lower premium. However, because premiums paid by modern irrigators essentially underwrite the program for traditional irrigators, the premium for modern irrigators may be so high that too few of them decide to buy insurance. It is probable that existing rigidity in the climate insurance program magnifies these market distortions. Insurance programs should be re-designed to allow greater flexibility in order to better match insurance utilization to other risk management practices. Second, our results suggest the existence of relationships between insurance and technology decisions mainly among family farmers, and therefore highlight the importance of incorporating the particularity of the family farmers segment in the design of an improved insurance scheme. Although differences in access to insurance between family and non-family farmers justify larger subsidies for the first group, greater financial support for family farmers who have not adopted modern irrigation may be aggravating the adverse selection problem. One interesting aspect is how public policy in terms of insurance subsidies is contributing to these potential distortions in the Chilean crop insurance market. The latter is left for future research. 
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